Pancreatic ductal adenocarcinoma (PDAC) is an aggressive disease in need of prognostic markers to address therapeutic choices. We have previously shown that alternative splicing of the actin regulator, hMENA, generates hMENA 11a , and hMENADv6 isoforms with opposite roles in cell invasion. We examined the expression pattern of hMENA isoforms by immunohistochemistry, using anti-pan hMENA and specific anti-hMENA 11a antibodies, in 285 PDACs, 15 PanINs, 10 pancreatitis, and normal pancreas. Pan hMENA immunostaining, absent in normal pancreas and low-grade PanINs, was weak in PanIN-3 and had higher levels in virtually all PDACs with 64% of cases showing strong staining. Conversely, the anti-invasive hMENA 11a isoform only showed strong staining in 26% of PDAC. The absence of hMENA 11a in a subset (34%) of pan-hMENA-positive tumors significantly correlated with poor outcome. The functional effects of hMENA isoforms were analyzed by loss and gain of function experiments in TGF-b1-treated PDAC cell lines. hMENA 11a knock-down in PDAC cell lines affected cell-cell adhesion but not invasion. TGF-b1 cooperated with b-catenin signaling to upregulate hMENA and hMENADv6 expression but not hMENA 11a
, and hMENADv6 isoforms with opposite roles in cell invasion. We examined the expression pattern of hMENA isoforms by immunohistochemistry, using anti-pan hMENA and specific anti-hMENA 11a antibodies, in 285 PDACs, 15 PanINs, 10 pancreatitis, and normal pancreas. Pan hMENA immunostaining, absent in normal pancreas and low-grade PanINs, was weak in PanIN-3 and had higher levels in virtually all PDACs with 64% of cases showing strong staining. Conversely, the anti-invasive hMENA 11a isoform only showed strong staining in 26% of PDAC. The absence of hMENA 11a in a subset (34%) of pan-hMENA-positive tumors significantly correlated with poor outcome. The functional effects of hMENA isoforms were analyzed by loss and gain of function experiments in TGF-b1-treated PDAC cell lines. hMENA 11a knock-down in PDAC cell lines affected cell-cell adhesion but not invasion. TGF-b1 cooperated with b-catenin signaling to upregulate hMENA and hMENADv6 expression but not hMENA 11a In the absence of hMENA 11a , the hMENA/hMENADv6 up-regulation is crucial for SMAD2-mediated TGF-b1 signaling and TGF-b1-induced EMT. Since the hMENA isoform expression pattern correlates with patient outcome, the data suggest that hMENA splicing and related pathways are novel key players in pancreatic tumor microenvironment and may represent promising targets for the development of new prognostic and therapeutic tools in PDAC.
Introduction
Pancreatic ductal adenocarcinoma (PDAC) arises generally from pancreatic intraepithelial neoplasia (PanIN) 1 and progresses with cellular and architectural atypia, along with the acquisition of a complex desmoplastic response. 2 Dynamic interactions between tumor, stromal cells, and autocrine and paracrine signaling lead to epithelial to mesenchymal transition (EMT), an early process in the natural history of pancreatic cancer. 3 Although the perturbation of epithelial cell-cell junctions is a main trait of EMT in PDAC, 4 PDAC with metastatic traits do not lose of E-cadherin, suggesting that EMT-related markers are not prognostic markers. 5 Cytoskeletal reorganization, 6 extracellular matrix (ECM) remodeling, and matrix metalloproteinase (MMPs) 7 contribute to PDAC aggressiveness in cooperation with soluble growth factor or cytokines, with TGFb1 as a crucial player. 8 Alternative splicing is known to play a prominent role in tumor progression and the derived isoforms may represent powerful diagnostic and prognostic factors, 9 as we have recently shown for hMENA alternative splicing in early stage non-small cell lung cancer (NSCLC). 10 hMENA belongs to the Ena/VASP family of actin regulatory proteins, which modulate cell adhesion and migration 11 and have been involved in axon guidance, 12 carcinogenesis, 13 and tumor invasiveness. 14 We have isolated hMENA by serological analysis of recombinant cDNA expression library (SEREX) of a breast tumor with the autologous patient serum. 15 Then, we have shown that alternative splicing generates multiple hMENA protein isoforms with hMENA 11a and hMENADv6 associated with epithelial or mesenchymal-like cells 14 respectively, and opposite roles in cell proliferation 16, 17 and invasion. 14 The inclusion of exon 11a in hMENA is regulated by the epithelial splicing regulatory proteins (ESRP1/2). 18 In PDAC cell lines, hMENA 11a expression identifies EGFR-dependent cells that are sensitive to the EGFR inhibitor Erlotinib 19 and hMENA 11a has been suggested to provide survival signals in breast cancer. 20 hMENADv6, which lacks exon 6, is expressed only in the invasive T4-2 cells of an isogenic model of breast cancer progression and is related to EMT marker expression and cancer cell invasiveness in breast, cervix, and lung cell lines. 10, 14 Here, we show that the two alternatively expressed hMENA isoforms are differentially regulated by TGF-b1 and that the presence of hMENADv6 along with the lack of hMENA 11a is crucial in the TGF-b1-mediated EMT process and cell invasiveness. Moreover, differential isoform expression correlates with patient outcome, suggesting that hMENA expression pattern may be a potential prognostic marker and their related pathways may represent novel therapeutic targets.
Results
The pattern of hMENA isoform expression is a novel prognostic marker for pancreatic ductal adenocarcinoma patients Our discovery that the pattern of hMENA isoforms may be a useful marker for early stage NSCLC, 10 suggested that this unique signature might also fill the lack of prognostic marker for pancreatic cancer. We explored the expression of hMENA isoforms in a series of surgically resected PDACs (n D 285), PanINs (nD15), chronic pancreatitis (n D 10), and normal pancreatic tissues from transplant donors (n D 3) (kindly provided by Lorenzo Piemonti, IRCCS San Raffaele Scientific Institute, Milan, Italy). Representative cases are reported in Fig. 1A and B. The hMENA isoforms evaluated were hMENA 11a , hereafter named Iso-11a, (90 kDa), hMENA (88 kDa), and hMENADv6, hereafter named Iso-Dv6, (80 kDa) (Fig. 1C ) using pan hMENA and hMENA 11a antibodies (Fig. 1D) . No immunoreactivity was observed in ducts or acini of normal pancreas ( Fig. 1Aa and Ba), whereas in pancreatitis, a low to moderate immunoreactivity was present ( Fig. 1Ab and Bb). Similarly, PanIN-1 and PanIN-2 were negative for both antibodies (data not shown), whereas three out of five PanIN-3 showed a weak cytoplasmic pan hMENA and Iso-11a staining ( Fig. 1Ac and 1Bc) .
The immunohistostaining was scored according to a four-tiered scale: negative (score 0), weak (score 1), intermediate (score 2), and strong (score 3) (Fig. S1 ). The Iso-Dv6 antibody was unsuitable for immunohistochemical evaluation (Fig. S3) ; thus tumors that are pan-hMENA positive/Iso-11a negative would be evaluated as expressing hMENA/Iso-Dv6 as previously reported. 14 The characteristics and patterns of expression of hMENA isoforms in PDAC patients are detailed in Table S1 . Virtually, all PDACs (233 of 237 evaluable cases, 98%) were positive for pan hMENA, and 152/237 (64%) had score 3 (representative cases shown in Fig. 1Ad and 1Ae ). However, a strong expression (score 3) of Iso-11a was detected only in 26% (51 out of 194) of samples (Table S1 ), suggesting that a low expression of Iso-11a (Fig. 1Be ) may occur in PDAC along with high expression of different hMENA isoforms (i.e., hMENA and Iso-Dv6).
Differently from other cancer types, such as breast and lung, 13, 10 non-neoplastic pancreatic ducts adjacent to the tumor showed a strong reactivity with both antibodies (Fig. 1Ad and  1Bd , red arrows). This pattern of hMENA isoform expression was validated also in an independent data set of PDAC whole tissue sections (nD53) available at the Regina Elena National Cancer Institute (data not shown).
When we examined the relationship between hMENA isoform expression and patient clinico-pathological characteristics, pan hMENA expression showed a linear association only with tumor size (T) (p D 0.04), (Fig. S2 ). As expected, pan hMENA and Iso-11a positivity were significantly correlated (p < 0.0001) (not shown).
To find whether a relationship exists between the pattern of hMENA isoform expression and patient survival, we performed a survival analysis in pan hMENA positive cases. In this group, at a median follow-up of 17 mo (range 1-173), the median overall survival (OS) was 18 mo (CI 95% [16] [17] [18] [19] [20] To explore whether different pan hMENA and Iso-11a scores may identify subgroups with different prognosis, we used ROC analysis to determine pan hMENA cutoff able to distinguish cases of Iso-11a positive (score 1-3) and negative (score 0). Results showed that a pan hMENA immunohistochemical score > 2 better discriminated Iso-11a positivity. Thus, two groups were obtained: i) pan hMENA score 3, Iso11a positive or negative, and ii) pan hMENA scores 1-2, Iso11a positive or negative. Of note, among cases scored 1-2 for pan hMENA, the patients with 3 y OS were 51% Iso-11a positive vs. 18.2% Iso-11a negative (p D 0.003) ( Fig. 2A) . Interestingly, in this group the expression of Iso-11a was the only significant prognostic indicator at multivariate analysis (HRD3.09, CI95% [1.31-7.25] , p D 0.01). No differences in terms of survival exist between Iso-11a positive and negative cases among group scored 3 for pan hMENA (not shown). No statistical significance was observed in tumors with pan hMENA score 3 ( Fig. 2B ) and tumors Iso-11a negative (Fig. 2C) .
These results clearly indicate that the hMENA isoform expression pattern is clinically relevant in PDACs, and the absence/presence of Iso-11a may be of prognostic value, at least in the subset of patients with pan hMENA 1-2 score.
Silencing of Iso-11a in epithelial PDAC cells disrupts cell junction integrity without inducing cell invasiveness To understand the mechanisms by which hMENA isoform expression pattern is linked to a different prognosis in PDAC patients we performed molecular, biochemical, and functional experiments using a panel of pancreatic cell lines from nontumorigenic (HPDE) to highly invasive. The inclusion or skipping of exon 11a and exon 6 was analyzed by semi-quantitative RT-PCR, by using hMENA-specific primers. HPDE and ASPC1 cells showed exon 11a inclusion, whereas PANC1 and C5M2 cells lack exon 11a and express the splice variant with the skipping of exon 6 (Fig. 3A) . As previously reported in different tumors, 10, 14, 19 WB with available antibodies (Fig. S3B) showed that Iso-11a (90 kDa protein) correlated with E-cadherin expression in HPDE, CFPAC and ASPC1. Conversely, PANC1 and C5M2 cells lacked the Iso-11a isoform but expressed Iso-Dv6 (80 kDa protein) (Fig. S3A) , along with vimentin and low levels of E-cadherin. The hMENA isoform (88 KDa) was expressed in all cell lines analyzed.
Since our immunostaining results showed that loss of Iso11a, relative to total hMENA expression, was indicative of a worse prognosis in a subgroup of pancreatic cancers, we analyzed the functional effects of specific Iso-11a silencing in PDAC biology. Considering the role of Iso-11a in cell-cell adhesion as suggested in both murine model 21 and human tissues, 14 we evaluated the effect of the depletion of Iso-11a on cell-cell junction formation, using a calcium switch assay. The non-tumorigenic HPDE, a well-established cell line to study adherence junction remodelling in pancreas, 22 were transfected with siRNAs directed against Iso-11a 17 and non-targeting siRNA (si-Iso-11a and si-CNT, respectively); the knockdown was confirmed by qRT-PCR and WB analyses (Fig. S4 A left and right panels, respectively). Monolayers of si-CNT and siIso-11a HPDE cells were placed in low calcium medium to disrupt cell-cell junctions and then switched to high calcium to trigger junction re-assembly. Immunofluorescence analysis of HPDE si-CNT cells showed that 150 min after calcium restoration (CCa 2C ), Iso-11a was present at cell-cell contacts (Fig. 3B , upper panels), and then shuttled to its cytoplasmic localization at 16 h after calcium restoration (not shown). A continuous staining of b-catenin was observed at cell-cell junctions in HPDE si-CNT cells (Fig. 3B, upper panels) , whereas si-Iso-11a cells showed a reduced and discontinuous b-catenin staining (Fig. 3B , lower panels), indicating that Iso-11a downregulation may interfere with the integrity of the cell-cell junction. To confirm the role of Iso-11a in cell-cell adhesion regulation, we carried out a hanging-drop aggregation assay that measures the ability of cells to aggregate by forming cell-cell junctions. After cell-cell junction dissociation, the size of the formed aggregates was evaluated and we found that si-Iso-11a cells were less able to form cell aggregates compared to si-CNT cells. Quantitative analysis of the size of clusters showed that 40.2% of control cells aggregate in large clusters, whereas only 15% of large clusters were observed in Iso-11a-silenced cells, showing that Iso-11a knock-down impairs the formation of cell-cell junctions (Fig. 3C) .
The weakening of cell-cell adhesion along with the loss of Ecadherin expression has been regarded as a crucial step in the acquisition of a migratory and invasive mesenchymal phenotype. 23 To evaluate the functional role of Iso-11a downregulation in tumor cells, we analyzed the effects of Iso-11a silencing in the epithelial ASPC-1 cancer cell line (Fig. S4B ), expressing high levels of Iso-11a (Fig. S3A) . We found that Iso-11a silencing significantly reduced E-cadherin and b-catenin expression (Fig. 3E) ; similar results were obtained in HPDE cells (not shown). Iso-11a silencing also increased the mRNA expression level of the matrix metalloproteinase 3 (MMP3; Fig. 3D ), the overexpression of which in normal breast cells induced a functional alteration in the cell-cell adhesion system, 24 further supporting a relevant role of Iso-11a in cell-cell adhesion regulation.
Importantly, however, the silencing of Iso-11a did not induce invasion (Fig. 3F ), suggesting that reduction of E-cadherin or b-catenin is not sufficient for acquisition of an invasive phenotype. Conversely, the forced expression of Iso-11a in the invasive PANC-1 cells (hMENA/Iso-Dv6 positive) led to enhanced cell-cell aggregation, (50% vs. 20%, respectively) along with a significant increase in E-cadherin expression (Fig. 3G) . Furthermore, we observed a significant decrease in cell invasiveness when Iso-11a or its splicing regulator, ESRP1, was overexpressed in PANC-1 cells, in agreement with our previous reports on breast and lung cancer 14, 10 ( Fig. S4C and D) . These data show further that Iso-11a when overexpressed, indeed exerts an anti-invasive role also in pancreatic cancer, consistent with clinical follow-up data in PDAC patients. On the other hand, the data above indicate that Iso-11a loss is not sufficient for invasion to proceed. To the best of our knowledge, this is the first time this phenomenon has been reported in the literature and we suggest that the cancer cell invasiveness requires not only the lack of Iso-11a, but also the activation of pathways linked to the expression of Iso-Dv6 isoform.
TGF-b1 induces expression of hMENA and Iso-Dv6 isoforms via b-catenin, a step crucial for TGF-b1-mediated EMT TGF-b1 is a crucial player in pancreatic cancer. 25 We asked whether hMENA expression that is detectable in 98% of PDACs evaluated, may be regulated by TGF-b1. Quantitative RT-PCR (qRT-PCR) analysis of total hMENA mRNAs showed that TGF-b1 treatment induced an increase in total hMENA transcripts. This regulation was evident both in mesenchymallike cell lines and epithelial cells such as PANC-1 (Fig. 4A) and ASPC-1 (Fig. S5A) , respectively.
In response to TGF-b1, b-catenin is translocated into the nucleus where it acts as a transcriptional co-factor required for EMT gene transcription. 26, 27 Indeed, PANC-1 cells treated with TGF-b1 showed a nuclear translocation of b-catenin (Fig. S5B) . Since, b -catenin has been reported as a transcriptional regulator of MENA expression ( 28 and our data presented here) (Fig. S5C) , we hypothesized that it may be directly involved in TGF-b1-induced hMENA mRNA upregulation. Thus, depletion of b-catenin expression by siRNA in PANC-1 cells (Fig. S5D ) significantly abrogated the TGF-b1-induced hMENA/Iso-Dv6 isoform upregulation (Fig. 4B) , suggesting that b-catenin is required for TGF-b1-mediated hMENA/IsoDv6 overexpression.
Considering the role of EMT process in PDAC 3 and the major role of TGF-b1 in this process, 8 we examined whether hMENA/Iso-Dv6 expression, which correlates with a mesenchymal-like phenotype, is involved also in TGF-b1-mediated EMT. We silenced all hMENA isoforms by siRNA (si-pan hMENA) in PANC-1 cells (Fig. S5E) . The silencing was specific for hMENA isoforms, since it did not affect VASP protein expression, the other member of the Ena/VASP family (data not shown). Cells were treated with TGF-b1 and monitored for cell morphology. As expected, upon TGF-b1 treatment, the morphology of si-CNT cells changed significantly from epithelial into a mesenchymal spindle-like phenotype with a consistent rearrangement of actin cytoskeleton and stress fiber formation, as detected by phalloidin staining of F-actin (Fig. 4C) . Interestingly, in untreated cells, pan hMENA antibody staining was found mainly in structures reminiscent of focal adhesions, whereas after TGF-b1 treatment, hMENA staining was evident in actin stress fibers, suggesting that hMENA/Iso-Dv6 actively participate in TGF-b1-induced EMT.
Immunofluorescence (IF) analysis in si-CNT PANC-1 cells revealed that the actin cytoskeleton was organized in parallel bundles, which were disrupted in si-pan hMENA/PANC-1 cells. Importantly, si-pan hMENA PANC-1 cells did not reach a full morphological mesenchymal transition and were significantly less elongated upon TGF-b1 treatment than si-CNT control cells (Fig. 4C) . A quantification of the degree of elongated cell morphology, calculated as the ratio of the major axis to the minor axis of cells, is shown in Fig. 4D indicating that depletion of hMENA isoforms inhibits the TGF-b-induced morphological changes.
To verify whether this morphological effect observed in pan hMENA depleted PANC-1 cells is accompanied by deregulation of the EMT-related proteins, we measured the level of Snail1 induced by TGF-b1. We found Snail mRNA level to be significantly reduced in si-pan hMENA PANC-1 cells treated with TGF-b1 (Fig. 4E) . Consistently, we found that downregulation of E-cadherin mRNA expression by TGF-b1 was partially abolished in si-pan hMENA PANC-1 cells (data not shown), along with a reduced TGF-b1-induced Vimentin expression (Fig. 4F) .
Our findings show that TGF-b1 upregulates hMENA/IsoDv6 expression via b-catenin and we demonstrate the crucial role of hMENA/Iso-Dv6 in regulating TGF-b1-mediated EMT in PDAC.
The hMENA/Iso-Dv6 upregulation induced by TGF-b1 is crucial for SMAD2-mediated TGF-b1 signaling and cancer cell invasiveness
We explored whether hMENA depletion (si-pan hMENA) affects TGF-b1-SMAD signaling, by measuring phosphorylation level of SMAD2 in PANC-1, untreated or TGF-b1-treated for 30 and 60 min. Whereas TGF-b1-induced phosphorylation of SMAD2 (S465/467) in control cells (si-CNT) (Fig. 5A) , hMENA-silenced cells had drastically reduced levels of phosphorylated SMAD2 (p-SMAD2) in response to TGF-b1 (Fig. 5A) . We obtained similar results by analyzing pSMAD3 expression (data not shown). Since phosphorylation of SMAD2 upon TGF-b1 treatment is required for its nuclear translocation, 29 we evaluated whether reduction of p-SMAD2 levels in pan hMENA-silenced cells was accompanied by reduction of nuclear SMAD2 accumulation upon TGF-b1 stimulation. Nuclear extracts of TGF-b1-treated PANC-1 cells showed that p-SMAD2 expression was dramatically reduced in pan hMENAsilenced cells (Fig. 5B) . Similarly, IF analysis showed that the percentage of cells with a pSMAD2 nuclear positivity was significantly reduced in pan hMENA-silenced cells (Fig. 5C) .
To understand the role of hMENA/Iso-Dv6 in TGF-b1-induced cell migration and invasion, we used a modified Boyden chamber and transwell invasion assay. Si-pan hMENA in PANC-1 cells significantly reduced both migration and invasion ability, in control and TGF-b1-treated cells, indicating that hMENA/Iso-Dv6 expression is crucial in regulation of both phenomena in these cells (Fig. 5D and E) .
MMPs were shown to be involved in regulation of PDAC cell invasiveness. 7 We evidenced that TGF-b1-induced MMP-2 secretion was significantly reduced in pan hMENA silenced PANC-1 cells (Fig. 5F) .
Collectively, these data point to the critical role of the hMENA/Iso-Dv6 isoforms in regulating SMAD-mediated TGF-b1 signaling and cell invasiveness in PDAC.
TGF-b1 and b-catenin signaling specifically upregulate hMENA and Iso-Dv6 isoform expression but not Iso-11a
TGF-b1 signaling intersects with other pathways to fine-tune context-dependent biological responses 30 and a co-operation between TGF-b1-and Wnt/b-catenin-pathways occurs. 27, 31 We, therefore, investigated the effects of LiCl, an activator of Wnt/b¡catenin signaling pathway 32 on hMENA expression, alone or in combination with TGF-b1. We treated PANC-1 cells for 24 h with TGF-b and/or with LiCl. The qRT-PCR analysis (Fig. 6A) showed that LiCl, like TGF-b1 treatment, increased the total levels of hMENA trascripts. Of relevance, the cells treated with both LiCl and TGF-b1 showed a significant increase of hMENA mRNA expression (Fig. 6A) .
Taking into account that Iso-Dv6 and Iso-11a are expressed in a mesenchymal and an epithelial cell context, respectively, we explored whether TGF-b1 and/or LiCl differentially affect the protein expression of these isoforms. In the context of mesenchymal-like PANC1, either TGF-b1 or LiCl treatments increased both hMENA and Iso-Dv6 expression, with an even greater increase when used in combination (Fig. 6B) . These data indicate that cooperation between TGF-b and Wnt/b-catenin determine hMENA/Iso-Dv6 overexpression in the mesenchymal PANC-1 cells.
In the epithelial context of Iso-11a expressing ASPC-1 cells, however, a diverse effect of LiCl and TGF-b was observed. The qRT-PCR analysis of Iso-11a mRNA showed that expression of Iso-11a was induced by LiCl treatment, together with an increase in total hMENA transcripts ( Fig. 6C and D) . TGF-b1 upregulated the total hMENA transcripts (Fig. 6C ), but not Iso-11a at either mRNA or protein levels, as shown in Fig. 6D and E, respectively. Similar results were obtained in Iso-11a-positive HPDE cells (not shown). These data indicate that TGF-b1 induced total hMENA transcripts and suggest that it specifically downregulates Iso-11a expression at post-transcriptional levels. Indeed TGF-b1 downregulates expression of ESRP-1, the major splicing regulator of Iso-11a (Fig. S6 ), in agreement with previous published data. 33 At protein level, we found that TGF-b1 treatment reduced the exogenously expressed Iso-11a protein, whereas, as expected, hMENA and Iso-Dv6 isoforms were upregulated (Fig. 6F) . A similar effect was observed in ESRP-1-transduced PANC-1 cells (Fig. 6F) . Our data indicate that TGF-b1 induces downregulation of the epithelial Iso-11a isoform expression strengthening the hypothesis that the different roles exerted by TGF-b on hMENA isoform expression may represent a critical event for PDAC cells' invasiveness. Our data show further that hMENA overexpression is downstream of TGF-b and Wnt/b¡catenin, two major signaling pathways involved in PDAC tumor progression.
25,34
The gain of Iso-Dv6 isoform in the absence of Iso-11a increases vimentin expression and is essential for TGF-b1-induced PDAC cell invasiveness
We showed above that hMENA/Iso-Dv6 are essential in regulation of EMT-related proteins, MMP2 activity and cell invasiveness. We overexpressed Iso-Dv6 in PANC-1 cells without affecting the expression of hMENA (data not shown). Interestingly, even in the absence of TGF-b1, the PANC-1 cells overexpressing Iso-Dv6 showed a clear and dramatic increase in vimentin protein expression without a reduction in E-Cadherin levels (Fig. 7A) . Functionally, we observed an enhanced MMP-2 and MMP-9 activity in PANC1/Iso-Dv6 cells as determined by in-gel zymography assay using gelatine as a substrate (Fig. 7B) . These data lend strong support to the findings described above that Iso-Dv6 isoform is implicated in regulation of PDAC cell invasion program.
It is important to note that further treatment with TGF-b1 in PANC-1/Iso-Dv6 cells leads to significant E-cadherin downregulation, at both protein (Fig. 7A ) and mRNA levels (Fig. 7C) , and a consistent increase in TGF-b1-induced cell invasiveness (Fig. 7D) .
Conversely, the exogenous expression of the epithelial Iso11a isoform in invasive PANC1 cells dramatically inhibited the TGF-b1 induction of MMP-2 and MMP-9 activities (Fig. 7E ) in parallel with a reduction of TGF-b1-mediated invasiveness (Fig. 7F) , further supporting its anti-invasive role in PDAC.
In conclusion, these results indicate that the gain of Iso-Dv6 in the absence of Iso-11a expression, a pattern consistent with that found in patients with worse prognosis, is crucial for PDAC cell invasiveness and lends strong support to our contention that this alternative hMENA splicing program and the related pathways may represent promising tools for prognostic and therapeutic targets in PDAC. 
Discussion
Herein, we present experimental and clinical evidence supporting the crucial role of the actin regulator hMENA in pancreatic cancer and how the pattern of its isoform expression may represent a diagnostic and prognostic marker in PDAC. These data support our previous findings on the role of hMENA isoforms as a platform for druggable-signaling pathways. 17, 19, 20 Normal pancreas and low grade PanIN (1 and 2) do not express hMENA isoforms, which are expressed in PanIN-3.
Nearly all PDAC expressed hMENA isoforms with the antiinvasive Iso-11a detectable at a high level only in 26% of cases. The absence of Iso-11a along with a high level of invasive hMENA/Iso-Dv6 isoforms correlated with a poor outcome, indicating that hMENA isoform pattern identifies subsets of patients with different prognoses, in agreement with our previous data on early NSCLC. 10 Our biochemical and functional data show for the first time that hMENA isoforms are crucial in TGF-b1-induced EMT. TGF-b1 downregulates the anti-invasive Iso-11a isoform in parallel with the upregulation of the hMENA/Iso-Dv6 isoforms, a crucial event rendering PDAC cells invasive. The two major signaling pathways involved in PDAC progression, TGF-b1 and Wnt/b¡catenin, cooperate in this regulation in line with the broad expression of hMENA isoforms found in PDAC tissues.
During PDAC progression, tumor cells reduce cell-cell adhesion and increase migratory capability, 35 and herein, we demonstrate that Iso-11a silencing perturbs cell junction integrity and downregulates E-cadherin and b-catenin protein expression, in agreement with what we have previously reported showing a correlation between Iso-11a and E-cadherin expression in primary breast cancer tissues.
14 Since Iso-11a silencing had only a slight effect on the E-cadherin mRNA, we may hypothesize that the regulation may be related to: i) the overexpression of the matrix metalloproteinase MMP3 mRNA, in agreement with the role of this proteinase in triggering ECadherin cleavage and degradation; 24 ii) the influence of RTKs activation on E-cadherin expression, 36 consistent with our recent data that Iso-11a silencing affected both RTK activity and E-cadherin expression. 17 However, for the first time we show that the knockdown of Iso-11a does not trigger cell invasiveness, indicating that the exclusion of exon 11a per se is not a feature of invasiveness. Rather we propose that in the absence of Iso-11a, the overexpression of Iso-Dv6 is crucial in EMT and invasiveness, consistent with the increased vimentin expression and MMP activity in Iso-Dv6-transfected cells.
The crucial role of hMENA/Iso-Dv6 was clearly evident at morphological, molecular, and functional levels in TGF-b1-induced EMT. TGF-b1 treatment mobilized hMENA/Iso-Dv6 from focal adhesion to actin stress fibers, fundamental for a mesenchymal spindle-like phenotype and their silencing significantly inhibited this phenotype. These dramatic morphological changes were accompanied by the inhibition of Snail1, the main transcriptional regulator of EMT, 37 and at functional level decreased cell migration, invasion, and MMP2 secretion, which were increased in PANC-1-Iso-Dv6 transfected cells.
Actin cytoskeleton also acts as a platform for membrane trafficking and signaling, 38 and we observed that hMENA/IsoDv6 are crucial for Smad2-mediated TGF-b1 signaling, as evidenced by the strong reduction of nuclear SMAD2 accumulation and phosporylation upon TGF-b1 stimulation in hMENA/ Iso-Dv6 depleted cells. The fine-tuning of TGF-b-SMAD signaling is consistent with the effect we have evidenced on Snail1 and E-cadherin regulation.
We hypothesize that, when upregulated by TGF-b1 signaling, hMENA/Iso-Dv6 may act to sustain and amplify TGF-b-signaling branches, such as PI3K/AKT and Rho signaling pathways, 39, 40 conferring a more aggressive pancreatic tumor-cell phenotype. Notably, we have previously correlated hMENA expression and AKT activation in breast cancer . 41 Consistent with the opposite roles of hMENA isoforms in cancer cell invasiveness 14 and in patient prognosis, our findings revealed that TGF-b1 upregulates Iso-Dv6 but not Iso-11a, although TGF-b1 increases the expression of hMENA mRNAs both in epithelial and mesenchymal cell lines. This upregulation requires b-catenin expression, given its role as a transcriptional regulator of hMENA. 28 This isoform regulation seems to be specific to TGF-b1 and did not occur after the inhibition of GSK3b that participate in the activation of the Wnt/ b-Catenin pathway, suggesting that, although the two pathways cooperate in hMENA gene expression, TGF-b1 regulates hMENA isoforms at different levels.
The downregulation of Iso-11a by TGF-b1 occurred in parallel with the downregulation of the splicing regulator ESRP-1, which includes exon 11a, 18 in agreement with previous data. 33 However, ESRP-1 is not involved in hMENA exon 6 skipping, which takes place through an unidentified mechanism. Our data indicate that TGF-b1 acts not only at post transcriptional, but also at post-translational levels in regulating Iso-11a, as evidenced by Iso-11a protein decrease and Iso-Dv6 increase when Iso-11a was exogenously expressed in PANC-1. The different effects of TGF-b1 on hMENA isoform expression are consistent with the opposite roles of Iso-11a and IsoDv6 in EMT and invasiveness and are supported by our data that PANC-1 Iso-11a engineered cells expressed a higher level of E-cadherin in parallel with a reduced MMP activation and invasive ability in response to TGF-b1. These findings indicate that tumor cells lacking Iso-11a but expressing hMENA and Iso-Dv6, readily undergo EMT, acquiring invasive capability, and imply that the balance between Iso-11a and Iso-Dv6 is important in determining cell fate during cancer progression.
Considering the major role of TGF-b1 as an antagonist of major immune functions, 8, 42 hMENA and its isoforms may represent fundamental players in the pancreatic tumor immune contexture.
These results provide new insights into molecular pathways involved in PDAC. The pattern of expression of hMENA isoforms may help to tailor therapies and could be used in specific clinical settings for the choice of the most effective treatment. 
Materials and methods

Patients and tissues specimens
Immunohistochemical analysis
Two consecutive 4 mm sections for each TMA were stained with pan hMENA antibody, (clone 21; BD Bioscience, 610693), that recognizes all hMENA isoforms, including Iso-Dv6, and with a specific monoclonal hMENA 11a antibody produced and validated by our group. 13, 14 Immunostained slides were analyzed and scored independently by four different pathologists, blinded to the clinical data (MF, BR, IC, AS), according to a four-tiered scale as follows: negative (score 0), weak (score 1), intermediate (score 2), and strong (score 3) (Fig. S1 ).
Cell lines, culture conditions, and reagents PDAC cell lines CFPAC and PANC1 were kindly provided by Dr. F. Velotti (Tuscia University, Viterbo, Italy), ASPC-1 and C5M2 were a gift from Dr. D. Melisi (University of Verona, Italy). The normal human pancreatic ductal cell line (HPDE) was kindly provided by Dr. P. Allavena (Humanitas Fundation, Milano, Italy). The cell lines were authenticated by chromosomal analysis (BMR Genomics, Italy) and were free of contamination by mycoplasma. The cells were maintained in RPMI 1640 Medium (Euroclone), supplemented with 10% fetal bovine serum (Euroclone), and incubated at 37 C in a 5% CO2 air-humidified atmosphere.
Purified recombinant human TGF-b1 (R&D Systems, 240-B-002) was used at 5 ng/mL in serum-free medium. LiCl (Sigma-Aldrich, 203637) was added to a final concentration of 25 mM.
Transfections, small-interfering RNA treatments, and ESRP-1 infection Cells in exponential growth phase were plated in six-well plates at a density of 3 £ 10 5 cells/well and transfected with Iso-11a and Iso-Dv6 expression vectors, or with empty vector, 14 using Lipofectamine 2000 reagent (Invitrogen, 11668-019), according to manufacturer's protocol. Iso-11a and relative empty vector stable transfectants were selected with 500 mg/mL of G418 (Invitrogen,10131035). ESRP-1 transduction was performed as previously reported.
14 hMENA and b-catenin expression were transiently downregulated using predesigned specific pooled siRNA duplexes (GE-Healthcare, Dharmacon). Specific Iso-11a silencing was performed as recently reported. 17 A no targeting siRNA was used as negative control. For TGF-b1 stimulation, 24 h after the transfection, cells were serum starved, treated with 5 ng/mL TGF-b and harvested 24-48 h after the transfection.
Protein extraction and western blot analysis
Protein extraction and Western blot analyses were carried out as previously described.
14 Nuclear fractions were prepared using NE-PER Nuclear Cytoplasmic Extraction Reagent kit (Pierce, PI 78833). Primary antibodies used for Western blotting were as follows: Anti-Iso-11a, pan hMENA, and Iso-Dv6 as already described ( 14 
Hanging drop aggregation assay
Cells were trypsinzed and resuspended at 2.5 £ 10 5 cells/mL in serum free medium. Drops (25 mL) of cell suspension were placed into the inner surface of the lid of a Petri dish and incubated for 150 min. Subsequently, hanging drops were placed into a glass slide and four random fields of cells were photographed for each condition and cells in aggregates (clusters) of different sizes (small: 1-10 cells, medium: 11-50 cells, large: >50 cells) were counted. This experiment was performed three times for each cell line condition. Between 1900 and 2000 cells of each cell type were counted.
Calcium switch assay
siRNA-transfected cells were serum starved and then treated with 4 mM EGTA for 30 min followed by replacement of the fresh medium containing Ca 2C (1.8 mM) to initiate junction reassembly. At the 150 min time point, cells were fixed in 3.7% paraformaldehyde and processed for IF analysis.
Semiquantitative and real-time RT-PCR 5 mg of total mRNA were extracted using Trizol reagent (Invitrogen) to obtain the relative cDNA by first strand cDNA synthesis kit (GE-Healthcare, 27-9261-01) according to the manufacturer's protocol.
Platinum Pfx DNA polymerase (Invitrogen, 11708013) was used for semiquantitative RT-PCR reactions and the inclusion or skipping of exons 11a and 6 was analyzed by using hMENA specific primers, as already reported:
14 P7 forward (5 0 -GAATTGCTGAAAAGGGATCGAATTGCTGAAAAGGGAT C-3 0 ) and P8 reverse (5 0 CTGTTCCTCTATGCAGTATTT-GAC-3 0 ) flanking the exon 11a to detect the inclusion/skipping of exon 11a or with primers MTC1 forward (5 0 -GCTGGA ATGGGAGAGAGAGCGCAGAATATC-3 0 and MTC2 reverse (5 0 -GTTCACACCAATAGCATTCCCTCCACTTG-3 0 ) flanking exon 6. RT-PCR for b-actin was performed as control of normalization and PCR products were run on 1% agarose gels.
Quantitative RT-PCR (qRT-PCR) reactions were carried out in triplicates with KAPA SYBR FAST or KAPA PROBE FAST qPCR Master Mix (KK4601 and KK4702 RESNOVA) on an ABI Prism 7500 Real-time PCR instrument (AB Applied Biosystems, Life Technologies).
The primer sequences used for the qRT-PCR were as follows: human E-cadherin (NM-004360.3) forward 5
0 ; human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an endogenous control.
TaqMan Gene Expression Assay (from Applied Biosystems) were used for amplification and quantification of hMENA (Hs00430216), ESRP-1 (Hs00227840), MMP3 (Hs00968305-m1), and for hypoxanthine phosphoribosyltransferase 1 (4331182) gene, used as an endogenous control. qRT-PCR for Iso-11a mRNA quantification was done using custom designed probe and primers. (probe-CTCCAGACGGGATTCT, Oligo 1-forward 3 0 -ATGGCAGCAAGTCACCTGTTAT-5 0 , Oligo 2 reverse 3 0 -TGTAATGAATCATAGGACCTGTTGTCAAAA-5 0 ). The comparative Ct method (2 ¡DD/Ct method) was used to determine changes in relative levels of different genes. 43 Immunofluorescence Cells transfected with siRNAs and/or treated with TGF-b1 were fixed and permeabilized as previously described.
14 Cells were stained with anti-Iso-11a, anti-pan hMENA (Sigma, HPA028696), total and/or phosphoSmad2 anti-antibodies (Cell Signaling Technology, 8828, 5339), E-cadherin (BD Biosciences, 610181), and b-catenin (Cell Signaling Technology, 8480).
Alexa Fluor 488-labeled phalloidin (Invitrogen, A12379) was used to stain F-actin and nuclei were stained with DAPI (4 0 6-diamidino-2-phenylindole) (Invitrogen, 62247). Immunofluorescence was analyzed by Leica DM IRE2 microscopy with Leica FW 4000 software.
Quantification of elongated cell morphology
Measurements of TGF-b-treated PANC-1 control and pan hMENA silenced cells were made using images of cells that were stained for F-actin and nuclei and were acquired using a 40£ objective. The lengths of the major and minor cell axes were measured using the Image J 1.49v program (NIH). The ratio of the major axis to the minor axis of cells indicated the degree of elongated cell morphology. For each experiment, between 30 and 40 cells of each cell type were measured.
Cell migration and invasion assays
Twenty-four hours after transfection, cells were pre-treated or not with TGF-b1 for 24 h and migration and invasion assays were performed. The migration assay was carried out using a modified Boyden's chamber assay. Briefly, 28 mL of RPMI with 10% FCS was added to the lower chamber and 50 mL of cell suspension (5 £ 10 5 cells/mL) in a serum free medium was added to the upper chamber. After 4 h of incubation, the cells on the lower side of the membrane were stained, photographed, and counted in eight randomly chosen fields.
For cell invasion assay 5 £ 10 5 cells/mL were seeded in Matrigel invasion chamber (8.0 mm pore size; BD Biosciences, 354480). Top chambers (culture inserts) were filled with serum-free medium and bottom chambers were filled with medium containing 10% FBS. After 24-48 h cells at the bottom surface of the membranes were stained, photographed, and at least 10 fields were counted. Each experiment was performed for three times, in triplicates.
Gelatin zymography
The activity of the matrix metalloproteinase MMP2 and 9 was measured by gelatin zymography. 24 h from transfections, cells were washed, and then TGF-b1 was added at 5 ng/mL concentration in serum-free medium. At 48 h of treatment conditioned medium was collected and centrifuged at 6,000 rpm for 10 min at 4 C. MMP-2 and MMP-9 activation was analyzed by gelatin zymography using 10% polyacrylamide resolving gel containing 1 mg/mL gelatine. After electrophoresis, gels were washed with 50 mM Tris-HCl pH 7.5, 5 mM CaCl2 and 2.5% Triton X-100 and then incubated in 50 mM Tris-HCl pH 7.5, 5 mM CaCl2 at 37 C overnight. Gels were stained with 0.25% Coomassie brilliant blue (R-250) dye in 10% acetic acid and 10% isopropanol. Semi-quantitative densitometry was performed using the Image J 1.49v program (NIH).
ELISA analysis of total MMP2 protein levels
Cells transfected with siRNAs were treated or not treated with TGF-b1 for 48 h. Culture media were collected and MMP2 concentration was determined by ELISA analysis. (ELISA kit, R&D Systems, MMP200).
Statistical analysis
Descriptive statistics were used to summarize pertinent study information. The association between variables was tested by the Pearson Chi-Square test or Fisher's exact test, when appropriate.
To identify the optimum cut off point that would more accurately categorize hMENA expression as high or low risk for negative and positive Iso-11a, a receiver operator characteristic (ROC) analysis was conducted. OS was calculated by the Kaplan-Meier product-limit method from the date of the surgery until death. If a patient had not died, OS was censored at the time of the last visit. The log-rank test was used to assess differences between subgroups. Significance was defined at the p 0 .05 level. The Hazard risk and the confidence limits were estimated for each variable using the Cox univariate model. All reported p values are based two-sided tests, and a p value less than 0.05 indicates statistical significance. A multivariate Cox proportional hazard model was also developed using stepwise regression (forward selection) with variables that were significant in the univariate analyses. Enter limit and remove limit were p D 0.10 and p D 0.15, respectively. SPSS (SPSS version 21.0, SPSS Inc.) and MedCalc Ò (14.0) statistical programs were used.
For in vitro experiments, data are expressed as the mean of at least three different experiments § SD. Comparison between two groups was analyzed using the Student's t-test. Statistical significance was defined as p 0 .05. Asterisks indicate significant differences between experimental groups.
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